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Research progress on design strategies, synthesis
and performance of LiMn2O4-based cathodes
Fangxin Mao,a Wei Guo*b and Jianmin Ma*ac
Spinel LiMn2O4 (LMO)-based composites, due to their combination of low toxicity, abundant natural
resources, and excellent electrochemical performance, are regarded as promising candidate cathode
materials for lithium ion batteries. Current energy storage demands are not being met with existing
materials, however, because of their defects, such as fast capacity fading, low rate capability, and low
specific capacity in practical applications. Manganese dissolution during electrochemical processes bears
the major responsibility for capacity loss, apart from the electrolyte factor. Low electrical conductivity,
low ionic diffusion efficiency, and large structural variation have adverse effects on the electrochemical
performance of materials. With respect to these drawbacks, significant progress has been made recently
on optimizing the performance of LMO-based cathode materials. In this work, we review recent
progress in 1 structural design, designing composites with graphene/carbon nanotubes, crystalline
doping, and coatings for improving the electrochemical performance of these cathode materials.
1 Introduction
As the supply of fossil fuels becomes decient and aggravates
global distribution, sustainable and clean energy is becoming
more and more critical for supporting electric vehicles and
other electronic devices. Energy storage is needed to take full
advantage of renewable electricity generation (wind, wave and
solar).1 For energy storage, the lithium-ion secondary battery is
the most promising device because of its high energy and power
density, long cycle life, and high reliability, which are important
considerations for the performance of electric vehicles and
hybrid electric vehicles. In addition, its high gravimetric and
volumetric energy densities provide advantages for digital
electrical products, such as laptops, cell phones, and even
microelectronic devices.2,3
Typically, a basic Li-ion battery consists of a cathode (posi-
tive electrode) and an anode (negative electrode), which are
immersed in a specic electrolyte and isolated from each other
with a separator. The lithium ions shuttle between the cathode
and anode through the electrolyte and electrons move through
the external circuit during the charging and discharging
process, which is shown in Fig. 1 in a sketch of a classical
commercial lithium ion cell from the 1970s, using LiCoO2 and
graphite as the cathode and anode, respectively. During the
Fig. 1 Illustration to show the basic components and operation
principle of a Li-ion cell. Reproduced with permission.6
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discharging process, the cathode accepts the electrons from the
external load and lithium ions in the electrolyte. Conduction
happens in two ways in the cycle circuit, via electrons and ion
transfer. As it is known that the ionic mobility in an electrolyte
is much smaller than the electrical conductivity in ametal, a cell
needs a large contact surface between the electrodes and elec-
trolyte. And a reversible loss of capacity occurs due to the limit
of ionic diffusion while charging/discharging at a high rate is
what leads to a loss of Li inserted into an electrode particle.
However, in an electrochemical process, changes in electrode
volume, electrode–electrolyte reaction, and/or electrode
decomposition can cause an irreversible loss of capacity. The
chemical reaction between an electrode and electrolyte results
in the irreversible formation of a passivating solid-electrolyte
interphase (SEI) layer when the initial charge of a cell is made
in a discharge state.4
Although there has been research on Li-ion batteries for
decades, there are many challenges involved to improve prac-
tical Li-ion secondary batteries, for example, improving their
poor capacity and drastic capacity fading, which are keeping
these batteries from meeting the ever-increasing demands for
energy storage and limit their further spread to new applica-
tions. The properties of electrode active materials in the anode
and cathode determine Li-ion battery performance to a large
extent. Lithium manganese oxide-based materials have been
attracting much attention as cathode materials because they
have particular advantages, such as low cost, high potential
platform, and high rate capability.5
The electrochemical reaction (intercalation/deintercalation
of Li ions) that occurs in the LiMn2O4 cathode can be
expressed as follows:
LiMn2O4 4 Li1dMn2O4 + dLi
+ + de (1)
For this material, electrochemical intercalation/deintercalation
of Li-ions occurs in the potential range of 3.0–4.5 V vs. lithium
electrode, while reaction (1) occurs in two stages in the
composite range of 0 # d # 0.5 and 0.5 # d # 1, and it has
a theoretical specic capacity of 148 mA h g1.7
Lithium manganese oxide has a cubic spinel crystal struc-
ture, as shown in Fig. 2, in which oxygen ions occupy the 32e
tetrahedral positions and exhibit dense cubic packing, manga-
nese ions occupy the 16d octahedral positions, and the 8a
tetrahedral positions are occupied by lithium ions. A site
occupied by a lithium ion is separated from the four neigh-
boring ions by voids at 16c, so three-dimensional (3-D) channels
(8a–16c–8a–16c) provide a passage for potential migration of
lithium ions in the crystal body.7,8 In an insertion cathode, the 3-
D passages provide a chance for high rate capability.9 In addi-
tion, Kalantarian et al.10 concluded that the LiMn2O4 crystal
structure could be interpreted as that of an n- or p-type semi-
conductor during the delithiation or lithiation process,
respectively, considering the density of states calculated by
several density functional theory methods, suggesting that the
structure could sustain high current rates. Yamada et al.11 found
that a LiMn2O4 thin lm electrode requires less activation
energy for transferring Li-ions, with a smaller increase aer
cycling compared with the LiCoO2 thin lm electrode. During
the delithiation or lithiation process, the composite can retain
the stable structure of the spinel cubic. High voltage and
tailoring of the potential window could be achieved, as has been
reported in many papers, using LiMn2O4-based materials
synthesized by a variety of methods.12,13
Despite the above-mentioned advantages, fast capacity
fading during cycling at high temperature, which is due to such
possible factors as manganese dissolution, and Jahn–Teller
distortion, etc., seriously limits such materials’ practical life
span.14–17 As a semiconductor, LiMn2O4 has a band gap of 1.3 eV
and low electrical conductivity (106 S cm1), which leads to
an inferior rate capability.18 Some research has been done on
the electrochemical behavior and degradation mechanism in
Li-ion batteries. Tang et al.19 investigated the electrochemical
behavior and surface structure of LiMn2O4 when charged to
high voltage, and found that drastic changes in the atomic-level
structure occurred on the surface, in conjunction with faster
manganese dissolution, which led to a degraded electro-
chemical performance. Lee et al.20 utilized in situ transmission
electron microscopy (TEM) technology to separately research
the local phase transformations during the lithium-ion de-
intercalation process, and concluded that a cubic–tetragonal
transition takes place during discharging, but not during the
charging process, which is explained by the different diffusion
rates of lithium ions between the surface and the bulk. The
stability of the crystal phase determines the electrochemical
performance of LiMn2O4 cathode materials to some extent. It is
accepted by the majority of researchers that decreasing the Mn
dissolution could alleviate the degradation of these cathode
materials independently from the electrolyte content.21 Elevated
temperature will exacerbate the performance degeneration due
to the enhancement of one or more circumstances of manga-
nese dissolution, irreversible transition of the crystal phase and
oxygen deciency.22 The capacity fade model for the spinel LMO
Fig. 2 Supercell model for spinel-type LiMn2O4 after structural opti-
mization. Large gray spheres are Li, medium blue (yellow) spheres are
Mn3+ (Mn4+), and small red spheres are O.5 Copyright 2014, Royal
Society of Chemistry.
This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 105248–105258 | 105249
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cathode built by Dai et al.23 showed that 16% of the capacity
degenerated aer 50 cycles at C/3 and 55 C between 3.5 and
4.5 V, which was approximate to the experimental result, and
even more serious attenuation occurred at high rate cycles.
Many factors lead to the fading of capacity, for example, the Li
ion diffusion coefficient decreased from 3.5  1015 m2 s1 to
less than 2  1015 m2 s1 ranging from the second cycle to the
50th cycle at 55 C. Thus, increasing the resistance of Li ion
migration in the surface lms also accounted for the fading. It
has become a brutal challenge to overcome the series of prob-
lems caused by high temperature.
Some important quantities should be endowed to an excel-
lent cathode, such as high operating potential, fast electro-
chemical reaction kinetics with Li-ions and electrons, stable
structure for fast delithiation or lithiation, short diffusion
distance for electrons and Li-ions, high ionic diffusivity and
electrical conductivity.24 In addition, the thermostability of the
materials should be noted to cope with various work circum-
stances caused by system thermogenesis. Through under-
standing the importance of the state of the crystal and surface,
many reasonable strategies can be designed to improve the
performance of the lithium manganese oxide cathode. In this
paper, we review recent research progress on lithium manga-
nese oxide-based cathode materials, with the focus on
improving the cathode capacity and cycling performance
through structural design, the use of composites with graphene/
carbon nanotubes, crystalline doping, and coating methods.
2 Structural design
To enhance the battery performance, developing nano-
structured electrode materials represents one of the most
attractive strategies.26 Islam and Fisher27 have examined the
fundamental features important to cathode performance,
including voltage trends, ion diffusion paths and dimensions,
intrinsic defect chemistry, and surface properties of nano-
structures using computational techniques. And tuning the
structure and properties of nanostructured cathode materials
has been reported.28 Shukla and Kumar29 have summarized the
use of nanoarchitectures, which could lead to improvements in
terms of electrical and ionic conductivities, diffusion and mass
transport, and electron transfer in electrochemical energy
storage. It is generally recognized that a smaller particle size of
the active material results in a shorter diffusion distance for
lithium ions during electrochemical processes, which may be
benecial for battery performance. Smaller particles have
greater structural integrity than bulk ones because of fewer pre-
existing defects, as concluded by Raghavan et al.,30 which is
correlated with changes in the electrode particle surface area
caused by particle fracture, and is related to solid electrolyte
interphase (SEI) formation, isolation of the active material, and
reduction in electrical conductivity. The structure or micro-
structure of the material grain can directly inuence the prop-
erties of the electrode containing it.
Ragavendran et al.31 demonstrated that nanoparticles derive
their virtue of high rate capability not only from size effects, but
also from the shape effect. Han et al.32 synthesized single-phase,
high-purity LiMn2O4 nanosized crystal powders as cathode
materials for Li-ion batteries, and the results showed that
a capacity of 116.6 mA h g1 was retained aer 80 cycles. Cai
et al.33 reported LiMn2O4 octahedral nanoparticles with excel-
lent cycling stability and rate capability (initial discharge
capacity of 118.5 and 78.3 mA h g1, and about 72.49% and
94.6% of its initial discharge capacity could be retained, even
aer 1600 cycles at 10C and 3000 cycles at 20C, respectively).
Octahedral and truncated octahedral spinel-type LiMn2O4 has
been reported for cathode materials with excellent electro-
chemical performances.33–36 One-dimensional nanober,37–41
nanorod,42–46 and nanowire47,48 structures of spinel LiMn2O4
were studied in several papers. Aravindan et al.,37 Kalluri et al.38
and Kumar et al.39 reported that electrospun nanobers of
LiMn2O4 had outstanding properties for lithium batteries.
Recently, Zhou and co-workers41 prepared an ultra-long spinel
lithium manganese oxide nanober cathode via an electro-
spinning method, and the cathode materials showed a porous
“network-like” morphology with nanosize diameters (170 nm),
microsize lengths, (20 mm) and a pure spinel structure. Their
discharge capacity was 146 mA h g1 at 0.1C; more importantly,
the discharge capacities were 112 mA h g1, 103 mA h g1, and
92 mA h g1 at high discharge rates of 10C, 20C, and 30C,
respectively. Xie and co-workers46 applied a templating method
to synthesize a single-crystalline spinel LiMn2O4 nanorod
structure that exhibited a superior long cycle life, retaining
95.6% of the initial capacity aer 1000 cycles at a 3C rate,
with no deterioration of the morphology. Compared with the
one-dimensional structure, spherical or anomalous nano/
microscale pieces49–56 are more prone to degradation and have
bulk-like electrochemical performance due to their crystalline
structure and size effectiveness. It should be noted that
a porous cube structure as shown in Fig. 325 composed of single
Fig. 3 Architecture of porous LiMn2O4 cubes: (a) SEM image, (b) TEM
image, and the cycling performance of LiMn2O4 charged/discharged
at rates of 3C and 5C at 25 C (c) and at 5C at 55 C (d) (1C ¼ 148
mA g1).25 Copyright 2014, Royal Society of Chemistry.
105250 | RSC Adv., 2015, 5, 105248–105258 This journal is © The Royal Society of Chemistry 2015
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crystalline nanoparticles showed superior long-term cycling
stability and high rate capability, delivering a reversible
discharge capacity of 108 mA h g1 at a 30C rate and yielding
a capacity retention of over 81% at a rate of 10C aer 4000
cycles. Hierarchical porosity and structures are involved in
newly developed materials for energy storage, which include the
advantages of nanoparticles and eliminate their drawbacks to
some degree.57 Hierarchical LiMn2O4 microspheres,58–60 nano-
bers,39 and doughnut-shaped61 structures are common. A
hierarchical LiMn2O4 phase with a layered nanostructure was
also studied by Lee et al., and it exhibited a high discharge
capacity and excellent cycling stability at elevated temperature
(60 C).62 Loading LiMn2O4 onto carbon ber paper to create
a binder-free positive electrode63 and aligning multi-walled
carbon nanotubes to form elastic and wearable wire-shaped
lithium-ion batteries64 are both creative examples of structures
designed to improve the material’s properties. Last, but not
least, in a novel strategy, laser printing and femtosecond-laser
structuring were applied in lithium-ion microbatteries, which
optimized the cycling stability and capacity retention, and
might enlighten researchers in the future.65 As suggested above,
the structure of materials plays an important role in electro-
chemical processes (Fig. 4).
3 Graphene/carbon nanotube
composites
Graphene and carbon nanotubes (CNTs) are new types of
promising materials and have become prime research topics.
Here, we review their recent application in lithium manganese
oxide cathodes. Graphene has been found to signicantly
improve cathode electrochemical performance in current
studies, although it was previously applied as an electron-
conducting additive for lithium ion cathode materials.67 Sree-
lakshmi et al.68 prepared the active materials in a graphene
matrix for use in electrodes and obtained an enhanced energy
and power density. Composites of nanocrystalline LiMn2O4
immobilized on the surface of graphene were developed using
solvothermal69 and hydrothermal70 methods, and the
nanocomposites showed a greatly improved electrochemical
performance in terms of the specic capacity, cycling perfor-
mance, and rate capability, which was attributable both to the
improvement of the surface ion transport of nanocrystalline
lithium manganate and to the increase in electrical conduc-
tivity. Ragavendran et al.71 explained that graphene controlled
crystal synthesis through its thermodynamic properties and
this led to an orientation in the highly stable (400) direction,
which offers superior electrochemical properties in general and
much better rate capability in particular. Apart from graphene,
one-dimensional carbon nanotubes (CNTs) have been used in
cathode composites due to their unique properties. CNTs not
only provide a conductive matrix, facilitating fast electron
transport, but also effectively reduce agglomeration of the
LiMn2O4 nanoparticles.72 Guler et al.73 investigated the effects of
multiwall CNT (MWCNT) reinforcement on the electrochemical
performance of LiMn2O4/MWCNT nanocomposite cathodes.
The results showed that along with increasing MWCNT mass,
from 0 wt% to 5.0 wt%, 10.0 wt%, and 15.0 wt%, there was
capacity retention of 86.1, 129.4, 134.7, and 136.5 mA h g1,
respectively, aer 50 cycles. Higher electrical conductivity,
higher structural stability of the composites, and rapid Li+
diffusion, resulting from the open lattice channels and unique
one-dimensional structure of the MWCNTs, could be major reasons
for these changes. A high specic capacity of 145.4 mA h g1,
close to the theoretical capacity of LiMn2O4 was achieved by
a LiMn2O4/MWCNT nanocomposite, which also featured
superior rate capability and cyclability.74 A multiwall carbon
nanotube network composite with LiNi0.5Mn1.5O4 not only
delivered 80% of the 1C capacity at 20C, but also featured
a high working potential and very good cycling stability.75 The
same improvement effects were achieved by other researchers
using a two-step hydrothermal approach (Fig. 5).66,76
4 Crystalline doping
Introducing a guest element into a LMO crystalline cell could
affect the valence of Mn, the operating potential plot and the
lattice of the crystal, all of which adjust the performance of the
LMO cathode. In pure LiMn2O4, manganese ions can be
partially replaced by other metal ions, and no damage to the
spinel structure occurs, which was revealed by computational
methods, but the electrical properties of the material are
modied.21 Single or multi-metal doping with metal ions,
including Al, Ni, Co, Fe, Mg, Cu, V, Sm and Zn, was extensively
Fig. 4 (a) Schematic illustration of the synthesis procedure for
doughnut-shaped LiMn2O4. TEM images of (b) PS spheres, (c)
MnO2@PS, and (d) DS-LiMn2O4.61 Copyright 2015, Royal Society of
Chemistry.
Fig. 5 TEM images of carbon nanotubes/LiMn2O4 after (a) hydro-
thermal processing and (b) heat-treatment. (c) Rate performance of
CNT/LMO heat treated for different lengths of time.66 Copyright 2013,
Elsevier.
This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 105248–105258 | 105251
Review RSC Advances
Pu
bl
is
he
d 
on
 2
4 
N
ov
em
be
r 
20
15
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f 
W
ol
lo
ng
on
g 
on
 2
3/
02
/2
01
6 
02
:5
2:
11
. 
View Article Online
investigated for optimizing the electrochemical performance of
Li-ion batteries, among which, Ni-doped LiMn2O4 has become
one of the current research interests for a high potential
cathode.77–87 LiNi0.5Mn1.5O4 is considered to be promising as
a cathode material because of its excellent electrochemical
performance with an operating voltage of 4.7 V and capacity of
135 mA h g1.88–95 Hugues et al.96 studied the relationship
between the Mn3+ content, structural ordering, phase trans-
formation, and kinetic properties in LiNixMn2xO4, and
revealed that increasing the Mn3+ content triggered the transi-
tion from ordered to disordered spinel, which led to increased
solid solution behavior, reduced two-phase transformation
domains, and improved transport properties during Li extrac-
tion and insertion. Further increasing the Mn3+ content,
however, in an already disordered structure extends the solid
solution domain and eliminates the presence of phase II, so
that it yields only a limited effect on rate capability. Shimoda
et al.97 used in situ and ex situ Li nuclear magnetic resonance
(NMR) spectroscopy to study the delithiation/lithiation
behavior of LiNi0.5Mn1.5O4 and clarify the phase reactions
during electrochemical processes. Wang et al.98 reported the
effect of oxygen deciency on defect chemistry in delithiated
spinel LiNi0.5Mn1.5O4 cathodes, where the results revealed the
progress of the atomic-level structural changes: oxygen de-
ciency promoted the migration of Ni and Mn ions, and the
migration assisted the formation of oxygen vacancies. Luo
et al.99 reported high-voltage LiNi0.5Mn1.5O4 hollow micro-
spheres with high reversible capacities of 135.5, 147.5, and
132.1 mA h g1 at 0.1, 0.5, and 2C, respectively. Even at a high
rate of 5C, the electrode retained 93.4% of the initial capacity at
0.1C. Aer investigating the improvement aer Al doping, it was
concluded by Guo et al.100 that Al-doping facilitated rate and
cycling capabilities at room and high temperature: the LiAl0.1-
Mn1.9O4 sample was cycled at a rate of 5C, and the capacity
retention ratio of the electrode aer 100 cycles was about 95% at
25 C and about 90% at 55 C. Many researchers have shown
that LMO-based cathode materials can be endowed with
improved cycling stability and cycling performance at elevated
temperatures through Al-doping methods.101–106 LMO cathode
materials doped with nanoparticles of the bimetallic metal
alloys Au–Fe107 and Pt–Au108 were applied in lithium-ion
batteries, which showed enhanced conduction and improved
cyclability.
In addition to doping with transition metal cations, the
semiconductor elements Si,109,110 and Sb,111 and non-metal
anions, including F,112,113 Cl,114 B3,115 and PO4
3,116,117 were
embedded into LMO crystals to change their attributes. Zhao
et al.109,110 researched low-level Si, Mg single and co-doping to
improve the electrochemical performance of LMO cathode
materials. Results showed that the cubic spinel structure of
LiMn2O4 was preserved throughout the introduction of alien
atoms. Equimolar Mg2+ and Si4+ ions could completely occupy
the octahedral (16d) sites, replacing Mn3+ and Mn4+ ions,
respectively, which signicantly improved the structural
stability and suppressed the Jahn–Teller distortion, so that a far
higher reversible capacity was obtained. Cui et al. embedded Sb
ions in a LMO crystal, and even though the impure phase of
LiSbO3 appeared, the composite featured higher cycling and
rate capacities than the pure LMO material. In some ways, the
introduction of Si and Sb led to positive effects. The halogen
elements uorine and chlorine could bond with manganese,
forming electrovalent bonds that were stronger than Mn–O
covalent bonds, so that substitution of stronger bonds for
weaker ones led to a more stable structure.114 The introduction
of the trivalent anions B3 and PO4
3 led to increases in the
a lattice parameter in both cases, without changing the spinel
crystal structure, because their ionic radii were favorable for
intercalation/deintercalation of Li-ions.
5 Surface coating
Two major activation processes, desolvation and lattice
incorporation, were suggested for the Li-ion exchange reaction
at the electrode/electrolyte interface.118 Reactions and charge
transfer at cathode–electrolyte interfaces affect the perfor-
mance and the stability of Li-ion cells.119 As it is well known
that Mn dissolution is the major reason for capacity fading of
the LMO-based cathode materials, formation of a stable solid
electrolyte interface (SEI) lm and protection of the integrity of
the crystalline structure are effective in improving the elec-
trochemical performance of electrode materials. Surface
coating on active materials or the electrode could achieve this
goal to some extent, because the outer layer forms a stable
solid-electrolyte interphase that could protect Mn from dis-
solving into the electrolyte, protect the active materials from
contact with HF acid, and improve the rate of lithium ion
insertion and de-insertion. Wang et al.120 summarized the
application of surface and interface engineering in Li-ion
batteries, and analyzed surface modications from active
surface and surface functionalization perspectives. Carbon
(including organic compounds), lithium-metal–oxygen, metal
oxides (Al2O3, MnO2, ZrO2, ZnO, TiO2, etc.), uorides (AlF3,
FeF3, etc.), and some inorganic compounds were proposed and
successfully applied to modify the surfaces of electrode
materials. Considering that inorganic compounds are poor
conductors, the noble metals Au121 and Ag122 were also used to
modify the surfaces of active materials by some researchers,
and they not only enhanced the conductivity, but also
improved the cycle life. Meng et al.123 reported that several of
the materials mentioned above had been coated previously
onto electrode materials to optimize lithium-ion batteries
using the atomic layer deposition (ALD) method.
5.1 Carbon coating
Lee et al.125 reported carbon-coated single-crystal Li2Mn2O4
nanoparticle clusters with high gravimetric and volumetric
energy and power density, which delivered 63% of the initial
capacity aer 2000 cycles at a charge/discharge rate of 20C.
Coating with carbon may enhance the specic capacity apart
from stabilizing the cycling performance. Noh et al. discovered
that LMO with a thin graphitic layer doubled its capacity at
a cut-off voltage of 2.5 V, which could be explained by the facile
electron-transfer highways provided by the graphitic layer,
105252 | RSC Adv., 2015, 5, 105248–105258 This journal is © The Royal Society of Chemistry 2015
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stabilizing the structural distortion due to the reaction in the
3 V region. A composite of LMO with a graphene-like carbon
membrane coating synthesized by an in situ method reached
131.1 mA h g1 at room temperature, and up to 96% capacity
was retained aer 50 cycles at 0.1C.126 Conductive polypyrrole
(PPy)-coated LiNi0.5Mn1.5O4 (LNMO)127 showed remarkable
stability, even at elevated temperature, and good voltage
properties. Polypyrrole can increase the electrical conduc-
tivity and work as an effective protective layer to suppress the
electrolyte decomposition arising from undesirable reactions
between the cathode electrode and the electrolyte on the
surface of the active material at elevated temperature. Sun
et al.124 reported that uniform carbon-coated spinel LiMn2O4
nanowires displayed an ultra-high rate and cycling perfor-
mance, retaining 83% of the initial capacity aer 1500 cycles,
even at a rate of 30C. In addition to coating carbon materials
directly onto active material particles, an electrode coating
can also improve performance in Li-ion batteries. Sputtering
a graphitic coating128 and loading an ion exchange polymer
coating129 on the surfaces of cathodes have been studied, and
enhanced performances were achieved (Fig. 6).
5.2 Metal oxide coating
Löıc et al.131 studied the surface chemistry of metal-oxides (ZnO,
Al2O3, and ZrO2) coated on LNMO thin lm cathodes via X-ray
photoelectron spectroscopy (XPS) and found that ZnO decom-
posed during the rst charge, whereas Al2O3 and ZrO2 were
stable for more than 100 cycles, which explains the poor cycle
life of the ZnO coated cathode. Al2O3 and ZrO2 coatings
demonstrated good performance in other research.132,133
Coating metal oxides with stable electrochemical properties
onto the surface of active materials may yield a better
improvement. Coatings of the manganese oxides Mn2O3,134
MnO2,135,136 and MnO137 were demonstrated as suitable ways to
promote cycle life, due to decreased Mn dissolution aer the
coating process. Y2O3,138 V2O5,139 and TiO2 (ref. 140) coatings all
resulted in appreciable improvement of capacity and cycling
stability at elevated temperature, and in addition, excellent rate
capability was also found in the case of the former two.
Composites with the multi-metal oxides In–Sn–O,141 La–Sr–Mn–O,142
and La0.7Sr0.3Mn0.7Co0.3O3 (ref. 143) coated on LMO composites
were also studied, among which, the last composite was also
obviously enhanced, especially at high rates (10C, 20C, and
30C), in addition to having an excellent cycling stability.
Michalska and Monika144 modied the surface of LMO grains
with CeO2 by a low temperature method and obtained a super-
stable cycling performance, with only 2% loss aer 100 cycles
at 1C. RuO2 was applied to modify the surface of LNMO
cathode materials, and a good cycling performance was the
result: a specic capacity as high as 113.8 mA h g1 was
preserved beyond 1000 cycles (Fig. 7).130
5.3 Lithium-metal–oxygen coating
Lu et al.146 reported a surface-doping strategy, which combined
the bulk-doping strategy and the surface-coating strategy, to
yield a TiO2-surface-doped LiMn2O4 material with a LiMn2x-
TixO4 layer on the outside of the particles. The same phenom-
enon occurs for the Al–Ga coating LMO spinel: the
LiMn2xyAlxGayO4 phase was formed on the outside, and an
excellent electrochemical performance was obtained from 30
to 55 C.147 LMO spinel cathode materials coated with lithium-
metal–oxygen have a more stable structure. This coating can
enhance both the cycling stability, and the specic capacity.
Pure spinel LMO with an epitaxial coating of a highly doped
spinel has a hierarchical atomic structure consisting of a cubic
spinel, tetragonal spinel, and layered structures, and can retain
90% of its capacity aer 800 cycles at 60 C.148 Coating stoi-
chiometric LiMn2O4 with a cobalt-substituted spinel results in
good elevated temperature stability and rate capability.149
The high voltage cathode material LiNi0.5Mn1.5O4 was used to
modify the surfaces of Li2Mn2O4 cores, and good electro-
chemical performance was achieved.150–153 Li2TiO3, Li0.17La0.61-
TiO3, Li2ZrO3, LiNbO3, and LiBO, etc. were researched with
the aim of suppressing Mn dissolution and promoting good
cell performance (Fig. 8).145,154–159
Fig. 6 HRTEM image (a) and dark-field STEM image (b) of a carbon-
coated LMO nanowire.124 Copyright 2015, Royal Society of Chemistry.
Fig. 7 SEM images of RuO2-modified LiNi0.5Mn1.5O4 (a and b); Al2O3
modified LiNi0.5Mn1.5O4 (c and d).130 Copyright 2015, Royal Society of
Chemistry.
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5.4 Fluoride/phosphate coatings
As identied by a number of researchers, HF acid attacks the
active electrode materials and dissolves the transition metal
cations in cells with a LiPF6-based electrolyte, leading to solid
deposits on the anode surface through the reduction reaction of
the dissolved cations. Metal oxides on the cathode surface turn
into metal uorides, which are expected to be resistant to HF.
Coating with uorides inactive to HF provides an available
method to protect active materials and decrease the interfacial
charge transfer resistance.120 Wu et al.161 coated MgF2 onto the
LiNi0.5Mn1.5O4 surface via a wet coating strategy and obtained
an improved electrochemical performance. The Zhao research
group studied FeF3 (ref. 162) and LaF3 (ref. 163) coated spinel
LiMn2O4 and found that the cycling stabilities were enhanced at
both room temperature (25 C) and elevated temperature (55 C)
for both coatings. Phosphate (MPO4) has been applied as
a cathode for lithium-ion batteries and could provide contin-
uous lithium insertion channels and considerable electrical
conductivity. Xiao et al.160 coated LiNi0.5Mn1.5O4 with active
FePO4 by atomic layer deposition, and the results showed that
the cycling stability and the conductivity increased with the
coating mass, but there was a lower specic capacity. Li3PO4,164
YPO4 (ref. 165) and SrHPO4 (ref. 166) coatings were found to
improve the cycling stability and thermal stability in a LMO
cathode (Fig. 9).
6 Conclusions
Spinel lithium-manganese-oxides are one of the most prom-
ising candidate cathode materials for Li-ion batteries with
a high working potential and high rate performance. Many
current challenges, related to cycling stability, thermal stability,
rate capability, and specic capacity, have impeded further
application in energy storage. Much work has been done and
some achievements obtained towards the improvement of the
electrochemical performance of LMO-based cathode materials.
Several strategies, including structural design, the use of
composites, and crystalline and surface engineering, have
proven to be available ways to optimize their performance for Li-
ion batteries.
To further develop LiMn2O4-based cathode materials, in
addition to the strategies mentioned above, real reasons and
mechanisms for material degradation during electrochemical
processes should be explored clearly, and then better solutions
can be studied. In addition: (i) new advanced materials, other
than graphene and carbon nanotubes, applied to the LiMn2O4-
based cathode should be an available breakthrough, (ii) new
strategies for synthesizing LiMn2O4-based cathodes should be
explored and (iii) LiMn2O4-based batteries can be improved
through exploring novel electrolyte formulations.
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